The IPEM Code of Practice (IPEM 2003) for electron dosimetry for radiotherapy beams recommends design requirements for parallel-plate ionization chambers used to determine absorbed dose to water in an electron beam. The Classic Markus design has been found not to meet these requirements. The Advanced Markus ionization chamber has been designed to rectify the problems associated with the Classic Markus ionization chamber. The response of three Advanced Markus ionization chambers was investigated and compared to the designated chamber types. Absorbed dose to water calibration factors were derived at the National Physical Laboratory (NPL) for each ionization chamber at seven electron energies in the range nominally 4-19 MeV. Investigations were carried out into chamber settling, polarity effects, ion recombination and the chamber perturbation. The response of the ionization chambers in a clinical beam was also investigated. In general all three Advanced Markus ionization chambers showed the same energy response. The magnitude of the polarity effect was typically 5% at a nominal energy of 4 MeV. There was discrepancy between the polarity measurements made at the NPL and in the clinic. The recommendation of this study is that this chamber type is not suitable for reference dosimetry in electron beams.
Introduction
At present only two parallel-plate chamber types are recommended in the IPEM Code of Practice (IPEM 2003) : the NACP-02 chamber manufactured by Scanditronix, and the PTW 34001 'Roos' chamber. For an ionization chamber to be recommended as a designated chamber for use for absolute dosimetry in electron beams it must satisfy the requirements described in the Code of Practice. Otherwise there is a risk that calibrations from NPL will not be disseminated consistently. A parallel-plate ionization chamber should be designed for measurements in water. The chamber construction should be as homogeneous and water equivalent as possible so that both mass stopping powers and linear scattering powers are similar to those of water. The walls should be made of a material with water-like properties and the air cavity must be vented to allow rapid equilibrium with the ambient pressure. The Code of Practice (IPEM 2003) gives recommendations for the dimensions of the chamber types and also recommends that the magnitude of the polarity effect is less than 1%.
Since the publication of the IPEMB Code of Practice in 1996 (IPEMB 1996) , it was found by McEwen et al (2001) and others that the Classic Markus chamber, type 23343, did not meet all of the requirements of a parallel-plate chamber for reference dosimetry in electron beams. The desirable properties listed in the IPEM Code of Practice (IPEM 2003) have not changed and coincide with those listed in IAEA (1996) .
The HV plate of the Classic Markus design of ion chamber is top hat shaped. This leads to a distorted electric field at the edge of the collecting volume. The ratio of the Classic Markus chamber cavity diameter to cavity depth is approximately three. The guard ring has an exceptionally small width, of only 0.2 mm so the contribution to the fluence of electrons entering through the side walls is not negligible. As a result the effective point of measurement of this chamber type is about 0.5 mm behind the front surface of the air cavity, Roos et al (2000) .
It is believed that a well-designed, well-guarded parallel-plate ionization chamber such as the NACP-02 or Roos types should have a zero perturbation correction and this is assumed throughout this paper.
The very small width of the guard ring of the Classic Markus chamber leads to a pronounced in-scattering cavity effect caused by electrons entering the cavity from the sides of the chamber as well as through the front face. This effect causes significant perturbation and so these chambers require a large perturbation correction to be applied. A further contribution to the perturbation correction occurs due to particles scattered back into the volume from the several millimetres of PMMA situated behind the collecting volume. McEwen et al (2001) demonstrated that the perturbation correction for the Classic Markus chamber might not have been accurately determined as was previously assumed. Significant chamber-to-chamber differences in the perturbation correction were found which might account for the differing values reported for the Markus perturbation correction by various authors.
McEwen et al (2001) measured large chamber-to-chamber variations in the polarity correction for the Classic Markus style of ionization chamber. For this design of chamber differences in the polarity correction of up to 1% were seen with significant chamber-tochamber variations due to the manufacturing process. It was also shown that recombination corrections for Classic Markus chambers varied between chambers. Such variations make this design unsuitable for reference dosimetry.
However, the Markus style of chamber does have some advantages for certain applications. It was the first chamber to be designed specifically for electron dosimetry and has a small measuring volume of 0.055 cm 3 compared to that of the NACP-02 chamber (0.16 cm 3 ) and PTW Roos chamber (0.35 cm 3 ). The resulting excellent spatial resolution is an advantage in small-field dosimetry, for which the NACP-02 and Roos ionization chambers types are too big.
In this work we characterize the response of a new parallel-plate ionization chamber type that has been designed to rectify the problems associated with the Classic Markus ionization chamber and assess its suitability for reference electron beam dosimetry. This chamber is the Advanced Markus chamber, type 34045, manufactured by PTW-Freiburg, supplied by Vertec Scientific Ltd.
Materials and methods

Ionization chambers
The Advanced Markus ionization chamber type has the same external dimensions as the Classic Markus. It has a smaller measuring volume of 0.02 cm 3 and a guard ring of 2 mm width. The wider guard ring was expected to reduce the perturbation effects exhibited by its predecessor and to ensure that the effective point of measurement of the chamber was on the inside of the front entrance foil. The collector electrode element is 5 mm in diameter. Behind the graphite coated surface of the collecting electrode there are 12.8 mm of solid PMMA material. This is assembled from several construction pieces. The actual piece forming the electrode is 0.5 mm thick but behind that there is additional PMMA, so for calculation purposes it should be treated as one solid piece, PTW-Freiburg (2005) . The plate separation of the Advanced Markus is 1 mm compared to 2 mm for the Classic Markus.
Three Advanced Markus ionization chambers were available to test. These were given the reference numbers AM0087, AM0088 and AM0089.
Strontium-90 check source measurements corrected for decay were used to investigate the ionization chambers' stability over a period of time, while measurements of continuous current with time enabled the settling time of the chambers to be determined. A full calibration of each chamber made it possible to examine perturbation effects, variations in the polarity effect with energy, and also the correction required due to recombination of ion pairs in the chamber. Radiographs and the manufacturer's drawings permitted the chamber construction to be studied.
Determination of absorbed dose to water calibration factors at the NPL
The absorbed dose to water calibration factor for a user chamber, N u,w , is given by The ionization chambers under investigation were calibrated, in terms of absorbed dose to water by substitution in a water phantom, against the NPL reference chambers at seven nominal electron energies between 4 and 19 MeV using the NPL Linac, corresponding to a R 50,D of 1.23-6.60 cm. The NPL reference chambers are all Scanditronix NACP-02 type and are compared with the primary standard electron-beam graphite calorimeter, McEwen et al (1998a) . The phantom was filled with demineralized water and positioned on the experimental table in the exposure room at a source-to-surface distance of 2.0 m. All equipment was left in the exposure room overnight to equilibrate to room temperature. The water phantom has been designed to enable different chamber types to be positioned with their measurement reference point at the correct reference depth in water, d ref , for each nominal beam energy as given by Burns et al (1996) . The field was circular and approximately 16 cm in diameter at the phantom surface.
Each Advanced Markus chamber was supplied with a protective acrylic cap of 0.87 mm that screwed on to the chamber before immersion in water. This introduces a small air gap between the cap and front window of the chamber.
A transmission monitor chamber was mounted approximately 15 cm in front of the water phantom. A 1 cm thick lead collimator with a 15 cm diameter hole was centred on the transmission monitor. The transmission monitor was used as the transfer instrument between the chambers under investigation and the NPL reference chambers. Calibrated thermistors were attached to both the water phantom and transmission monitor to enable a temperature measurement to be made during each radiation measurement, and a calibrated barometer was used to determine the pressure. All radiation measurements were corrected for air density to the standard conditions of 20
• C (293.15 K) and 101.325 kPa. A polarizing voltage of −100 V was applied to both the NPL reference chambers and the chambers under investigation. This was achieved by maintaining the collector at ground and applying −100 V to the HT electrode. The linear accelerator was set to operate at a dose-rate of approximately 2 Gy min −1 at the point of measurement. The transmission monitor chamber and ionization chamber were connected to Keithley 617 electrometers in external feedback mode using a calibrated capacitor in each feedback circuit. A computer running software written at NPL was used to control the in-beam readings where the charge accumulated in approximately 20 s from each chamber was measured. The computer-controlled system also recorded the temperature and pressure and their associated corrections with each reading taken.
A detailed description of the determination of absorbed dose to graphite calibration factors for the NPL reference chambers is given by McEwen et al (1998a) . McEwen et al (2001) describe the determination of absorbed dose to water calibration factors for a user chamber.
Corrections for both polarity effect and ion recombination were applied to all chamber readings at each of the seven energies. The factor to correct for the polarity effect is as given in the IPEM Code of Practice (IPEM 2003) . Recombination in an ionization chamber is dependent on the polarizing voltage applied and on the dose-per-pulse, so recombination measurements were made with each chamber at four different dose-per-pulses between 0.007 cGy/pulse and 0.056 cGy/pulse and at a pulse repetition frequency of 240 Hz. On the NPL Linac the dose-per-pulse is varied by changing the beam current and keeping the energy and pulse repetition frequency the same. The polarizing voltage on each chamber was varied in steps between the calibration voltage (−100 V) and a value of −30 V. A plot of the reciprocal of the ionization current against the reciprocal of the polarizing voltage should be a straight line over the voltage range used in these measurements, according to Boag theory (Boag and Currant 1980) . The recombination correction was calculated from these measurements. All results are given later.
Radiographs
The diagnostic x-ray set at the NPL was used to take radiographs of all three chambers. These allow a check that both the internal and external construction of a chamber are consistent with the manufacturer's drawings, and may also show up any damage. A radiograph of each chamber was taken both face on and from the side. The diagnostic x-ray set was operated at 40 kVp.
Check source measurements
Check source measurements were carried out on each chamber several times both before and after the calibrations using the NPL check source system. This comprises a strontium-90 check source, a calibrated electrometer, a calibrated thermometer and a calibrated barometer. The check source was placed on a modified NPL source holder over the front face of the chamber. The chamber was connected to the electrometer and a voltage of −100 V was applied.
The system was left to settle for at least 15 min. No chamber in this investigation was found to have either a natural or radiation induced leakage current at any time. Five measurements of charge, collected in a fixed integration time of 60 s, were taken for each chamber and the mean determined. The mean charge was corrected to standard air density, converted to current and corrected for source decay to enable the currents to be compared over a period of time.
Response in a clinical beam
On completion of the calibration at NPL the chambers were taken to Norfolk and Norwich Hospital for testing with a Varian 2100EX linear accelerator. Previous work on the Classic Markus chamber by McEwen et al (2001) showed that the calibration factor and polarity correction were sensitive to the different electron beams of a hospital linear accelerator and the NPL linear accelerator. Therefore measurements taken on a clinical linear accelerator at a hospital may show if this were also the case for the Advanced Markus chamber type. A NACP-02 type chamber was also taken to test as a null control because the reference chambers are also NACP-02 type. This chamber type has previously shown no variation in different accelerator beams.
The measurements that were made in the clinical beam were a subset of those that were made at the NPL. The NPL water phantom was positioned on the treatment couch in front of the accelerator head at a source-to-surface distance (SSD) of 100 cm with a 14 cm diameter field size at isocentre. The transmission monitor was mounted on the front of the water phantom. Thermistors were attached to both the water phantom and transmission monitor. The same computer-controlled data acquisition system was used to take the measurements as at the NPL.
The NPL reference chambers were put in the beam at the beginning and end of each day. The three Advanced Markus chambers were calibrated in the clinical beam at both 9 MeV (R 50,D = 3.57 cm) and 16 MeV (R 50,D = 6.72 cm). Polarity measurements were carried out at both energies when it was observed that the chambers had settled. Recombination was investigated for each of the three chambers at 9 MeV and at one dose-per-pulse of 0.11 cGy/pulse.
Results and discussion
Radiographs
Radiographs of one Advanced Markus type chamber are shown in figure 1. Parallel-plate ionization chambers are constructed from low-Z plastics so it is often difficult with radiographs to obtain sufficient contrast between the various components that constitute the chamber.
From figure 1 it is possible to see the components that make up the Advanced Markus type chamber. The HT electrode and collector wire can both be seen coming from the chamber stem. It can also be seen from the face-on radiograph that there are a series of earthing wires throughout the ionization chamber body. The side-on radiograph of this chamber shows more clearly the sensitive volume of the chamber as a small shadow just behind the waterproof cap. It is possible to see the HT electrode and collector wire applied to the plates. The earthing wires are not near the sensitive volume, the radiograph from this angle demonstrates clearly that they are situated in the plastic at the back of the chamber. A comparison of all radiographs taken of each of the three chambers with the appropriate manufacturer's drawing indicated that there were no visible internal faults. 
Check source measurements
Check source measurements were carried out on each chamber over a period of 130 days. Figure 2 shows the relative response of each chamber normalized to the respective mean as a function of days elapsed since the first measurement. Typical currents were of the order of 8 pA.
After correction for source decay, temperature and pressure the chambers showed random differences of 0.3%, which is similar to that for other chamber types. Data collected for both NACP-02 and Roos type ionization chambers at the same time exhibited similar behaviour.
Absorbed dose to water calibration factor
The absorbed dose to water calibration factors that were determined for each chamber are shown as a function of the beam quality specifier R 50,D in figure 3. The standard uncertainty associated with each calibration factor is 0.75%. The components that make up this uncertainty are given in the IPEM Code of Practice (IPEM 2003) .
The absorbed dose to water calibration factors for the Advanced Markus ionization chambers are all of the order of 1.300 × 10 9 Gy/C. The small variations in calibration factor between each chamber are due to the slight differences in the size of the sensitive volume. It can be seen that as the beam quality specifier R 50,D increases the absorbed dose to water calibration factor decreases. The variation is approximately linear and is similar to that measured for other types of parallel-plate chambers.
Polarity correction
Measurements of the factor to correct for the polarity effect were made for each chamber at all energies once the chamber was observed to have settled. The magnitude of the polarity effect is twice that of the factor to correct for the effect. The results are given in table 1. The standard uncertainty associated with each measurement of the polarity correction is 0.1%. It can be seen that the Advanced Markus chambers all show the same change in polarity correction with R 50,D . The magnitudes of the polarity corrections are all within 1% for beams having a value of R 50,D not less than 3.48 cm. For the beam having R 50,D of 1.23 cm, the polarity correction is 2.5%, equivalent to a polarity effect of 5%. This is below the region of general clinical interest; however the polarity effect is still 3% for the beam with R 50,D of 1.97 cm.
There is nothing obvious in the design of the Advanced Markus ionization chamber to suggest why there should be such a large polarity correction. One cause of the polarity effect is charge captured in the collector. The total thickness of PMMA behind the graphite coated surface of the collector of the Advanced Markus chamber is 12.8 mm, and so it is possible that this could be capturing more charge, which would lead to a larger polarity correction. Gerbi and Khan (1987) have reported on the polarity effect for three other plane-parallel chambers in electron beams, though only of energies 9 MeV and 22 MeV. One chamber, the PTW model 30-329, has a collector of similar area to that in the Advanced Markus, and their measurements indicate a polarity effect, near the reference depth, of less than 1.5%. This is broadly in line with our results for beams with R 50,D not less than 3.48 cm (i.e. with a nominal energy of 10 MeV or more).
Ion recombination correction
The coefficients c and m appearing in the correction for recombination as given by Burns and McEwen (1998) 
are given in table 2, where d is dose-per-pulse in cGy.
The coefficient c is a measure of the initial recombination and m is a function of the electric field strength. The typical values of c and m for the NACP-02, PTW Roos and Classic Markus ionization chambers are 1.001 and 0.2 cGy −1 , respectively. For the Advanced Markus chambers it can be seen that there is some spread in the value of c between the three chambers, but in general the values are in good agreement with those of other chamber types. However, m is of the order of 0.04 cGy −1 , which is very different to that of the Classic Markus. This is most likely due to the change in design between these chamber types; the Classic Markus has a 'top hat' shaped electrode and it is known that due to this it does not have a uniform electric field. The separation between the plates of the Advanced Markus chamber type is 1 mm but for other chamber types is 2 mm. For the same applied potential this would mean the electric field strength is increased and so could account for the different value of m, as it is primarily a function of the electric field strength.
Perturbation correction
The shape of the calibration curves for each Advanced Markus chamber has been compared with that for a nominally perturbation free chamber and is plotted in figure 4 . The mean response of several NACP-02 and Roos chambers has been used as a best estimate of the true shape. The single NACP-02 and Roos data are also shown to indicate the typical variation about the mean.
The perturbation correction is usually exhibited through the energy dependence of the calibration factor. For an ionization chamber with a zero perturbation correction the only energy dependence that would be seen in the calibration factor is due to the change in the stopping power ratio between water and air. As a result, two chambers with a zero perturbation will show a constant ratio in calibration factors at all energies. It can be seen that the Advanced Markus chambers follow the same general shape, which is reasonably flat with a variation of 0.7% about the flat response. In comparison, the typical variation of an NACP-02 or Roos ionization chamber is 0.3%. The perturbation correction is due to an air cavity effect and a chamber wall effect. The large guard ring of the Advanced Markus ionization chamber should mean that the air cavity perturbation is close to zero, so this effect may be due to backscatter from the ionization chamber body. Table 3 shows the absorbed dose to water calibration factors predicted using the linear fits to the calibration factor obtained at the NPL. Also shown is the calibration factor measured in the clinical beam and the per cent difference between this and the predicted value. All calibration coefficients have been corrected for polarity and recombination. The standard uncertainty associated with each calibration factor is estimated to be 0.75%. The percentage difference between the predicted and measured absorbed dose to water calibration factors for the Advanced Markus ionization chambers is similar in magnitude and direction for each chamber at each of the nominal beam energies investigated. The result for the NACP-02 ionization chamber confirms the experimental procedure that was followed and indicates the typical variation in response that is expected. The percentage differences obtained agree with similar measurements carried out by the NPL for reference dosimetry audits in clinical beams. The discrepancy observed between the predicted and measured calibration factors could arise from the fit to the points used in the prediction. The calibration factor at 9 MeV was interpolated using a straight line fit to all of the NPL calibration data for the measured value of R 50,D for the clinical beam. At 16 MeV, the R 50,D of 6.72 cm is outside the range available at the NPL and so the absorbed dose to water calibration factor for this beam was determined by taking the calibration factor provided by the NPL calibration at the nearest beam quality and converting from the nearest calibrated beam quality to the beam quality of interest using ratios of beam and chamber data, as described in the IPEM Code of Practice (IPEM 2003) .
Clinical results
The polarity corrections associated with each ionization chamber were also measured in the clinic. These results are shown in table 4. By comparison with table 1 it can be seen that the polarity corrections measured in the clinic differ from those measured at the NPL; the largest correction for the polarity effect that needed to be applied was 0.48% at a nominal clinical beam energy of 9 MeV.
Conclusion
The manufacturer's drawings and radiographs of the three Advanced Markus ionization chambers indicated that this chamber type represents an improvement on the Classic Markus design of ionization chamber for reference dosimetry. In particular, the Advanced Markus design has much a wider guard ring which ensures that the effective point of measurement is not displaced from the inside of the front entrance window. The chamber design does not have a 'top hat' shaped electrode to cause a distorted electric field within the sensitive volume.
The absorbed dose to water calibration factors for the Advanced Markus chambers showed a common dependence on R 50,D .
There appears to be a large difference between the polarity correction measured in the NPL linear accelerator beam and that measured in the clinical beam. For parallel-plate chambers the polarity effect is a charge balance effect. It may depend on the energy of the beam, the angular distribution of the incident radiation, the measuring depth and the field size. All of these factors were different in the clinical beam compared to the NPL beam.
It is desirable that any polarity effect is small; the large polarity effect observed at the lowest energy studied on all three Advanced Markus chambers may not be considered acceptable. The size of the uncertainty associated with such a large polarity effect would influence the overall uncertainty in the calibration factor.
Measurements have been completed to characterize the response of three Advanced Markus ionization chambers. These measurements have revealed some interesting effects.
The polarity effect is very large; there is a change in chamber reading of typically 5% at the lowest energy when changing from positive to negative polarity. From the measurements reported here, one would conclude that the Advanced Markus chamber type is currently not suitable for reference dosimetry in electron beams.
